A Novel Dictyostelium Gene Encoding Multiple Repeats of Adhesion Inhibitor-like Domains Has Effects on Cell–Cell and Cell–Substrate Adhesion  by Varney, Timothy R. et al.
Developmental Biology 243, 226–248 (2002)
doi:10.1006/dbio.2002.0569, available online at http://www.idealibrary.com onA Novel Dictyostelium Gene Encoding Multiple
Repeats of Adhesion Inhibitor-like Domains Has
Effects on Cell–Cell and Cell–Substrate Adhesion
Timothy R. Varney, Elisabeth Casademunt, Hoa N. Ho, Chere’ Petty,
Jayne Dolman, and Daphne D. Blumberg1
Department of Biological Sciences, University of Maryland Baltimore County,
1000 Hilltop Circle, Baltimore, Maryland 21250
The Dictyostelium protein AmpA (adhesion modulation protein A) is encoded by the gene originally identified by the D11
cDNA clone. AmpA contains repeated domains homologous to a variety of proteins that influence cell adhesion. The protein
accumulates during development, reaching a maximal level at the finger stage. Much of the AmpA protein is found
extracellularly during development, and in culminants, AmpA is found in association with anterior-like cells. Character-
ization of an ampA strain generated by gene replacement reveals a significant increase in cell–cell clumping when cells are
starved in nonnutrient buffer suspensions. Developing ampA cells are also more adhesive to the underlying substrate and
are delayed in developmental progression, with the severity of the delay increasing as cells are grown in the presence of
bacteria or on tissue culture dishes rather than in suspension culture. Reintroduction of the ampA gene rescues the
developmental defects of ampA cells; however, expression of additional copies of the gene in wild-type cells results in more
severe developmental delays and decreased clumping in suspension culture. We propose that the AmpA protein functions
as an anti-adhesive to limit cell–cell and cell–substrate adhesion during development and thus facilitates cell migration
during morphogenesis. © 2002 Elsevier Science (USA)
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Successful morphogenesis in most biological systems
requires both cell differentiation and directed cell migra-
tion. The dynamics of cell adhesion to the substratum must
be modulated to allow forward movement of cells. Both
theory and experimentation indicate that an intermediate
level of cell attachment promotes maximal cell migration
(Dimilla et al., 1993). In vertebrate systems, the secretion of
anti-adhesive molecules, such as SPARC, tenascin, and
thrombospondin, at sites of wounding enhances the migra-
tion of fibroblasts into the area by reducing cell–substrate
adhesion to an appropriate level (reviewed in Greenwood
and Murphy-Ullrich, 1998a; Sage and Bornstein, 1991).
Additionally, these proteins are highly expressed during
embryogenesis, when cells display increased migration.
The cellular slime mold Dictyostelium discoideum is
1 To whom correspondence should be addressed. Fax: (410) 455-226one of the simplest eukaryotes to undergo multicellular
differentiation (Kessin, 2001). It is a system in which cell
migrations and cell motility play an integral role in pattern
formation, tissue proportioning, and morphogenesis. In
nutrient broth, Dictyostelium cells grow and divide (Kes-
sin, 2001). The cells respond to starvation by embarking on
a 24-h developmental program that results in the formation
of a fruiting body composed of a mass of spore cells on a
shaft of stalk cells.
There are three phases in development where cell migra-
tions are crucial. During the early hours of development,
starving cells migrate by directed chemotaxis into multi-
cellular mounds of about 105 cells. Cyclic AMP is secreted
by starving cells and is the chemical toward which the cells
migrate (Konijn et al., 1967). During this early stage of
development, the migration of the single Dictyostelium
amoebae into aggregation centers resembles closely the
chemotactic migration of leukocytes to a site of wounding
(reviewed in van Es and Devreotes, 1999). As the aggregat-
ing Dictyostelium cells assemble in mounds, end-to-end3875. E-mail: blumberg@umbc.edu.0012-1606/02 $35.00
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and side-to-side cell contacts are formed, and in the final
stages of aggregation, cells stream into the mounds (re-
viewed in Siu, 1990; Siu et al., 1997). As the cells assemble
into mounds, EDTA-resistant cell–cell contacts are formed
and multicellularity is achieved (Noegel et al., 1986).
Differentiation into three predominant cell types, pres-
pore cells, prestalk cells, and anterior-like cells (ALCs),
occurs in cells randomly scattered throughout the mound.
The differentiated cells sort by migration to their appropri-
ate position within the aggregate. Several different patterns
of migration occur during the sorting-out phase (Clow,
1999; Clow et al., 2000; Doolittle et al., 1995; Dormann et
al., 2000; Early et al., 1995; Williams and Jermyn, 1991).
Cells destined to become prestalk cells initially differenti-
ate at the peripheral base of the mound (Early et al., 1995).
Upon receiving an appropriate signal, these cells cluster and
the cluster migrates following a spiral path to the apex of
the mound (Clow et al., 2000). By the end of the period of
sorting-out, a tipped mound has formed which, in many
respects, resembles an embryo at the end of gastrulation
where the three germ layers have been laid down. The
future prestalk cells are at the tip of the mound, the
rearguard ALCs which will form the basal disc and some of
the support structures are at the base of the mound, and the
future prespore cells occupy the center of the mound. A
thin band of ALCs that will ultimately form the upper cup
supporting structure (stkO-ALCs) separates the prestalk
and prespore zone. Culmination is the final stage of mor-
phogenesis and a series of cell migrations take place that
transform the tipped mound into a fruiting body. A pre-
dominant force in the morphogenesis of multicellular
mounds into a fruiting body is the extensive migrations of
the ALCs (Abe et al., 1994; Dormann et al., 1996; Jermyn et
al., 1996; Sternfeld, 1998).
A problem that cells face in carrying out their migrations
is the need to modulate their adhesion to other cells and to
the substrate over which they migrate. Most studies of
adhesion and deadhesion have focused on highly adherent
cells, such as fibroblasts and endothelial cells. Dictyoste-
lium cells, like leukocytes are highly motile, yet they are
also adhesive in their multicellular state. Moreover, they
must migrate over a wide variety of substrates from soil in
the wild to agar plates and nitrocellulose filters in the
laboratory, making the modulation of adhesion an even
more complex process.
We describe a novel Dictyostelium protein that plays a
role in modulating cell–cell and cell–substrate adhesion
during development. We call this protein AmpA for adhe-
sion modulation protein A. The gene encoding this protein
was initially identified by the D11 cDNA clone, which has
been used extensively as a marker for early prestalk cell
gene expression (Barklis and Lodish, 1983; Chisholm et al.,
1983; Jermyn et al., 1987; Oyama and Blumberg, 1986a,b).
Here, we show that AmpA shares homology with two
distinct families of anticoagulant proteins: the disintegrins,
which were initially isolated from the venom of North
American pit vipers (Huang et al., 1987), and the ornatins,
found in the saliva of turtle leeches (Mazur et al., 1991).
Both the disintegrins and ornatins are small soluble pro-
teins that, when free in the blood, inhibit platelet aggrega-
tion by competing with the binding of integrin receptors on
platelets to clot formation proteins (reviewed in Andrews
and Berndt, 2000; Huang, 1998; Matsui et al., 2000b; Mazur
et al., 1991, 1993; McLane et al., 1998).
During both chemotaxis and the later stages of develop-
ment, much of the AmpA protein is found extracellularly.
AmpA protein accumulation reaches a maximal level dur-
ing development at a stage when there is extensive cell
migration. The protein is largely associated with the exten-
sively migrating ALCs. Possible roles for the protein in-
clude the inhibition of premature cell agglutination, release
of migrating cells from the substratum, and facilitation of
cell migration during chemotaxis and morphogenesis.
MATERIALS AND METHODS
Growth and Development of Dictyostelium Cells
Axenic cultures of wild-type (strain Ax3) and transformed Ax3
cells were grown and developed according to standard methods
(Sussman, 1987). HL5 medium was supplemented with 0.8 g/ml
folic acid, 20 ng/ml vitamin B12, 40 g/ml ampicillin, 0.5 g/ml
amphotericin B, and 0.3 g/ml streptomycin.
For growth in the presence of bacteria, Dictyostelium cells were
removed from axenic medium by centrifugation and resuspended
for plating over agar in 20 mM Na2KPO4 (2.5 mM Na2HPO4, 17.5
mM KH2PO4) containing Escherichia coli (strain B/r) cells at an
OD590  4. Plating suspension concentrations of wild-type and
ampA Dictyostelium cells, respectively, were: 4 106 and 8 106
cells/ml for 2 days growth, and 1.5  105 and 3  105 cells/ml for
3 days growth. A total of 100 l of the suspension was plated onto
1/2 HL5 agar plates (20 g Bacto agar, 5 g Difco proteose peptone,
2.5 g Oxoid yeast extract, 5 g dextrose, 0.48 g Na2HPO4, 0.24 g
KH2PO4 per liter), and the plates were left at 22°C for growth.
E. coli B/r was grown as described (Oyama and Blumberg, 1986a;
Oyama et al., 1982). For most experiments, cells were passed over
bacteria and not kept in axenic culture for more than a week. All
selection drugs were removed for at least 48 h of culture prior to
any experiment because growth in the presence of G418 alters the
extent of cell adhesion.
Sequencing and Mapping of the Transcription
Start Site
The ampA cDNA clone isolated from a library prepared by P.
Lebfver (Barklis and Lodish, 1983) was used to isolate a genomic
clone from a gt wes B4 partial EcoRI library. Both the cDNA and
the genomic clones were sequenced by using the Sequenase 2.0 kit
(USB) and [35S]dATP. Henikoff nested deletions were generated by
using the Erase-a-Base kit (Promega), and synthetic oligonucleotide
primers were used to sequence ambiguous regions. Sequence anal-
ysis was carried out by using the Wisconsin Genetics Group
Program (Genetics Computer Group, 1996). The start site of
transcription was mapped by primer extension and RNA sequenc-
ing (according to Sambrook et al., 1989) using a synthetic oligonu-
cleotide that anneals 30 nucleotides downstream of the predicted
first codon. RNase protection analysis (Sambrook et al., 1989) was
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performed with the upstream 1.5-kb region to confirm the absence
of introns.
Protein Fusions and Preparation of Antibody
AmpA--galactosidase protein fusion. A fragment containing
817 bp of the ampA coding region (48 to  865) was amplified by
PCR using oligonucleotides with either SalI or HindIII restriction
enzyme cut sites included at their ends: 5 oligo, 5-CGCGTC-
GACCTATCAAGTTGTTTGGTAC-3; 3 oligo, 5-CTGCAAG-
CTTGTTAAATTTTCACGACATGGGC-3. After digestion and
purification, the resulting fragment was cloned into the SalI/
HindIII site of the PMLB1107 prokaryotic expression vector (Mo-
lecular Oncology) in frame with the lacZ coding region. This
construct was then transformed into E. coli DH5 lac cells, and the
cells were induced with 5 mM IPTG at 37°C for 2 h. A total protein
extract was prepared (Silhavy et al., 1984) and resolved by 6%
SDS–PAGE. A band of the expected size (146 kDa) representing the
AmpA:-galactosidase fusion was isolated from the gel and used to
immunize rabbits (according to the method described by Yoder et
al., 1994).
The IgG fractions of the antibodies were purified by using
protein A columns (Repligen). Purified antibodies were preadsorbed
against acetone powders (Silhavy et al., 1984) of E. coli DH5
containing the pMLB1107 vector and sometimes against vegeta-
tively grown Dictyostelium cells harvested at low cell density (5 
105 cells/ml) that do not express AmpA (T.R.V., E.C., H.N.H., C.P.,
and D.D.B., unpublished observations).
Western Analysis
Total cellular proteins were separated by gel electrophoresis
following standard methods (Laemmli, 1970) in a 12% SDS/
polyacrylamide gel using the Bio-Rad Mini-Protean II System
(#165-2940). For Western analysis, separated proteins were trans-
ferred electrophoretically to nitrocellulose filters by using the
Bio-Rad Trans-Blot System in a pH 9.3 transfer buffer (per liter:
2.93 g glycine, 5.81 g Tris, 0.375 g SDS, and 200 ml methanol). The
higher pH of the transfer buffer is essential for efficient transfer of
the AmpA protein since the predicted pI of the AmpA protein is
8.25. Protein blots were blocked in NFDM–TBST, (5% nonfat dry
milk, 10 mM Tris–HCl, 150 mM NaCl, 0.05% Tween 20) over-
night. Blots were probed by incubation in either anti-AmpA poly-
clonal antiserum or preimmune serum (1:5000) followed by incu-
bation in an alkaline phosphatase conjugate of goat anti-rabbit IgG
antibody (Promega) diluted 1:8000. Alternatively, Western analysis
was performed by using the Enhanced Chemiluminescence Detec-
tion System (ECL System; Amersham). Here, the secondary anti-
body was a horseradish peroxidase conjugate of goat anti-rabbit IgG
diluted 1:8000.
Detection of Extracellular AmpA
Dictyostelium cells were harvested during growth or develop-
ment. The media from growing cells and the buffer used to harvest
developing cells were centrifuged free of cell debris. In some cases,
centrifugation was at 100,000g, while in other samples, centrifu-
gation was at low speed. Following centrifugation, media or wash
was concentrated by using a Centricon concentrator (Amicon).
Total protein from the indicated number of cells (or cell equiva-
lents in the case of concentrated media and wash fractions) was
resolved on 12% SDS–PAGE and transferred to nitrocellulose
membranes for Western analysis.
Immunofluorescent Localization
Preparation and staining of whole mounts was as previously
described (Yoder et al., 1994), except that the fixation was carried
out at 20°C in methanol for 2–5 min. The primary antibody,
either anti-AmpA IgG or preimmune antiserum, was diluted 1:500.
The secondary antibody was a 1:500 dilution of FITC-conjugated
goat anti-rabbit IgG (Gibco BRL 9817SA). All dilutions were in 3%
BSA in TBST (Yoder et al., 1994).
Vectors for Generating ampA Mutants in Ax3
Cells
An ampA gene replacement vector containing the bsr (blastici-
din resistance) gene was constructed by using the following proce-
dure (Sutoh, 1993). The plasmid pbsr519 (generously provided to us
by Dr. Frantisek Puta, Charles University, Czech Republic) was
digested with BamHI, and a 1388-bp fragment containing the bsr
cassette was gel purified. This fragment was subcloned into the
BglII site of the plasmid pDdGal-16 (Harwood and Drury, 1990).
The resulting vector was given the name pGal16bsr. The bsr
cassette was then PCR-amplified from pGal16bsr by using the
following oligonucleotides: 5 primer, 5-GAAGGTACCGGTAT-
TCTAAGCTTATAG-3; 3 primer, 5-GCCCGGGATCCTCTG-
CAGATCC-3. This oligonucleotide pair incorporates an AgeI site
(5 primer) and a BamHI site (3 primer) into the PCR product. The
PCR-amplified bsr cassette was then digested with these enzymes,
and the main fragment (1418 bp) was purified away from cut ends
by using the Wizard PCR Prep System (Promega). A vector contain-
ing the EcoRI-flanked ampA genomic clone (pG3C1–29) was then
digested with BglII and AgeI, and a 5861-bp fragment was isolated.
This digestion removes 546 bp from the ampA gene, including 223
bp of the coding region, (see Fig. 7A). The 1418-bp AgeI–BamHI bsr
cassette fragment was then ligated into the 5861-bp pG3C1–29
fragment, and the resulting vector was given the name pTVKO4.
Prior to transformation, the vector was digested with EcoRI, and
the fragment containing the bsr cassette flanked by ampA se-
quence was gel purified. The linear vector was dephosphorylated to
prevent recircularization.
Transformation and Selection of ampA Mutant
Strains
The linearized vector for generating ampA mutant strains was
introduced into wild-type (strain Ax3) cells by electroporation
(Knecht and Pang, 1995; Shaulsky and Loomis, 1993). Cells capable
of growth in 10 g/ml blasticidin S HCl (ICN) were selected and
clonal isolates of blasticidin-resistant cells were obtained from
plaques formed by individual cells after plating on a lawn of
bacteria (Sussman, 1966). These were then screened for loss of the
native ampA gene by genomic PCR, and expression of the AmpA
protein was determined by Western analysis. Independent isolates
were tested and yielded similar phenotypes.
Rescue of ampA Cells and Generation of ampA
Overexpressing Mutants
A 3.54-kb EcoRI genomic DNA fragment containing a full-
length copy of the ampA gene and 5 and 3 flanking regions was
subcloned into the EcoRI site on the pGNeo vector (the kind gift of
Dr. Kathy Fosnought and Dr. William Loomis). Stable transforma-
tion of Dictyostelium wild-type or ampA cells with this vector
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was carried out by using the calcium phosphate precipitation
method (Knecht et al., 1986). Cells were selected for resistance to
the drug G418 (Sigma) at a concentration of 9.6 g/ml, and clonal
isolates were obtained by plating for individual plaques in bacterial
lawns. Cell lines with higher levels of ampA expression were
selected from these transformants by growing the cells in increas-
ingly higher concentrations of G418 until transformants resistant
to 96 g/ml G418 were obtained. Clonal isolates of these cell lines
were also obtained by plating for individual plaques on bacterial
lawns. As controls for nonspecific effects of G418 resistance, Ax3
and ampA cells transformed with a functional G418 resistance
cassette but without a functional ampA gene were also selected for
the 10-fold higher G418 resistance in parallel. The behavior of
ampA overexpressing cells was always compared with wild-type
and ampA cells resistant to similar levels of G418. All cells were
grown axenically in the presence of G418 for maintenance, but
prior to experiments, the drug was removed from the culture for at
least 48 h of growth before harvesting or plating cells for develop-
ment.
Several independent isolates of each construct were isolated and
tested, and they yielded similar phenotypes.
Genomic PCR Screen for ampA Mutants
Genomic DNA was obtained from axenically growing mutant
and wild-type cells (Nellen et al., 1987). PCR was performed on
DNA samples in 100-l reactions by using 30 amplification cycles
and an annealing temperature of 53°C. Reaction mixtures con-
tained 50 mM KCl, 3.5 mM MgCl2, 10 mM Tris–HCl, 3% DMSO,
200 M dNTPs, and 5 U Taq DNA polymerase (Fisher). To amplify
wild-type or mutated ampA gene sequence, 16 pmoles of each of
the following primers were added: 5 primer (anneals just 5 of the
ampA promoter BglII site), 5-GGTTTTTATTAATTCCGAT-
TCAC-3; 3 primer (anneals just 3 of the AgeI site in the ampA
coding sequence), 5-GGTTTGGTTGGTGGGAGAGTACATGG-
3. Primers at these locations amplify a 608-bp length of sequence
from wild-type genomic DNA and a 1480-bp fragment from clones
in which the gene replacement vector has been integrated (see Fig.
7A).
Cell Agglutination Assays
Cells from a logarithmic growing culture were washed three
times in 20 mM Na2KPO4 and resuspended to 3  106 cells/ml in
the same buffer. Then, 2 ml of the cell suspension was transferred
to a plastic 15-ml test tube (Falcon 2059) and left for 6 h at 22°C on
a rotary wheel set to 45 rpm. Samples were then removed from the
tubes by using a pasteur pipette and overlaid onto a borosilicate
coverslip for photography. Photography of cell agglutinants and
procedures used in agglutinant size analysis are described below.
Cell–Substrate Adhesion Assay
Cell–substrate adhesion was measured in wild-type and ampA
cells plated on nitrocellulose filters for development. At the
appropriate time points, three filters were vortexed for 3 min in
conical tubes containing 20 mM Na2KPO4 buffer, and the filters
were removed from tubes. The amount of protein remaining on the
filters was quantified by using the Bio-Rad DC protein assay. The
Bio-Rad DC protein assay was used because the nitrocellulose of
the intact filter does not interfere with the protein determination,
and background from a blank filter is subtracted. To determine the
total amount of protein present, three additional filters were
assayed as before, except that the vortexing step was omitted.
Streaming
Cells grown over bacteria for 3 days were harvested and washed
two times with 20 mM NaK phosphate buffer (pH 7.0) and
resuspended at 5 106 cells/ml, and 5 l of the cell suspension was
spotted onto 0.8% buffered agar plates (20 mM NaK phosphate
buffer, pH 7.0) and allowed to develop in a moist chamber for 7–9
h prior to imaging as described below. Alternatively, cells grown for
3 days on bacterial plates could be resuspended in HL5 media and
cultured in suspension for up to 24 h axenically without showing
any signs of reverting the additional developmental delay observed
by bacterial growth. For assays like streaming, this alternative
protocol was often more convenient and used interchangeably.
Axenic growth beyond three doublings resulted in a reversal of the
effects of bacterial growth.
Microscopy and Image Analysis
Starved cell agglutinants were imaged by using an inverted Leica
DM IRB microscope with a 10 objective (Leica #506000). Stream-
ing cells on agar plates were imaged from underneath with a 5
objective. Dictyostelium structures developing on nitrocellulose
filters were viewed under an Olympus dissecting scope (#093467).
Images were obtained by using a DC330 video camera (DAGE-MTI,
Inc., Michigan City, IN) and frame grabber. Images were digitized,
processed, and analyzed by using the Metamorph image processing
system (Universal Imaging, West Chester, PA).
RESULTS
The ampA Gene Encodes a Cysteine/Proline-Rich
Polypeptide Containing Repeated Domains
The ampA gene was initially described as a prestalk class
I gene based on the fact that its mRNA shows a 20
enrichment in prestalk cells upon percoll separation of cell
types (Barklis and Lodish, 1983). However, controversy over
the degree of enrichment in prestalk cells has existed with
Jermyn et al. (1987) reporting only a four- to fivefold
enrichment in prestalk cells using slug slicing techniques.
Additionally, the ampA gene is not regulated by the major
prestalk cell morphogen differentiation-inducing factor
(DIF), and ampA mRNA expression levels show an earlier
developmental increase and decline compared with the
expression profiles of DIF-inducible prestalk mRNAs (Jer-
myn et al., 1987). ampA mRNA accumulation begins to
increase at the loose mound stage, peaks at finger stage, and
then declines during culmination. A very low level of ampA
mRNA is detectable in axenically growing cells, a condition
in which DIF is not present. Nonetheless, expression of
ampA mRNA appears to be coupled to early mechanisms
that facilitate development and cell-type divergence.
The sequence of the coding region of the ampA gene was
previously reported to contain a number of well-conserved
repeats (Barklis et al., 1985). We have resequenced an ampA
genomic clone as well as a cDNA clone. Because the protein
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product deduced from our DNA sequence data shares only
83% identity with the one previously reported (Barklis et
al., 1985), we present the revised sequence in Fig. 1A. As we
report elsewhere, there are additional significant sequence
differences in the flanking regions (Casademunt et al.,
2001). The discrepancy in sequence data is likely due to
improvement in sequencing technology. In the present
sequence, multiple areas of compression were resolved by
resequencing using alternate oligonucleotides as primers.
Restriction enzyme mapping and Southern analysis suggest
that the gene is single copy (Barklis et al., 1985; E.C. and
D.B., unpublished results), and comparison with the Dic-
tyostelium Genome Database (Smith and Loomis, 1997)
indicates that it is located on chromosome 2.
The predicted AmpA polypeptide sequence indicates a
284-amino-acid protein, including 17% cysteine and 13%
proline residues, with a molecular weight of 31,008 Da. The
protein has an apparent isoelectric point of 8.25. A Kyte–
Doolittle hydrophobicity plot shows a hydrophobic leader
peptide. According to von Heijne predictions, the leader se-
quence is cleaved between amino acids 21 and 22 (VKS-EV)
(Nielsen et al., 1997). No other hydrophobic regions that could
potentially form membrane-spanning domains are present.
The consensus sequences for the following posttranslational
modifications are present: three N-glycosylation sites (amino
acid positions 44, 106, and 281), two casein-kinase II phos-
phorylation sites (positions 85 and 245), four protein-kinase C
phosphorylation sites (positions 18, 147, 181, and 215), and
seven N-myristoylation sites (positions 76, 120, 138, 172, 206,
240, and 274) (Bairoch et al., 1997).
The AmpA protein contains three distinct sequence re-
peats, designated A, B, and C, as proposed by Barklis et al.
(1985) (Fig. 1; see Figs. 2 and 3). The predicted translated
sequences of each repeat are better conserved than origi-
nally noted. In the revised sequence, a CCPCTP motif is
common to four of the six B repeats. The highest heteroge-
neity is still seen in the type C repeat. The four C domains
are 16 amino acids long and differ significantly from those
previously reported (Barklis et al., 1985). The repeats are
organized such that, in the amino-terminal half of the
protein, an A repeat precedes each B repeat, and in the
carboxyl-terminal half, a C repeat precedes each B repeat. In
Fig. 1, the A repeats are shaded in green, the B repeats in
yellow, and the C repeats in blue. Figure 1B shows a
schematic of the organization of the sequence repeats.
The AmpA Protein Shares Homology with Protein
Domains Which Influence Cell Adhesion
Table 1 lists a brief summary of proteins sharing amino
acid sequence similarity with AmpA. The results were
obtained from a BLAST homology search against the entire
AmpA protein (Altschul et al., 1997). Proteins are listed in
order of highest similarity to AmpA. These proteins tend to
be involved in the regulation of cell–cell and/or cell–matrix
interactions. The protein with the highest similarity to
AmpA over the longest length of sequence is human von
Willebrand factor (vWF), a clot formation protein found
anchored in the endothelial wall of blood vessels at sites of
wounding (reviewed in Sadler, 1998). The vWF protein
contains two disintegrin domains (Andrews and Berndt,
2000). The AB repeat of AmpA shows 50% identity and
70% similarity with the active site of the second of the two
disintegrin domains of von Willebrand factor, a domain
known as a VWFC loop. The VWFC domains are similar in
terms of cysteine spacing to the disintegrin family of
proteins initially identified in snake venom (reviewed in
Andrews and Berndt, 2000; Matsui et al., 2000b; McLane et
al., 1998; Moroi and Jung, 1998).
A closer comparison of the AB repeats of AmpA with the
snake venom disintegrin domains is shown in Fig. 2. An
RGD motif is present in the majority of the known snake
venom disintegrins in a position that is highly conserved
relative to cysteine spacing. Alignment of the cysteine
residues found in AmpA with the conserved cysteines
present in snake venom disintegrins demonstrates that the
two AB sequence blocks within AmpA each define the
boundaries of a disintegrin-like domain (Fig. 2, bottom).
A similar type of molecule in mammals is a family of
integral membrane proteins known as the fertilins involved
in sperm–egg fusion (for review, see To¨pfer-Petersen, 1999;
Wassarman, 1999). The fertilins contain a disintegrin-like
domain with the characteristic cysteine spacing found in
snake venom disintegrins, but fertilins lack an RGD motif.
In its place is a different receptor binding site immediately
followed by a cysteine residue (McLane et al., 1998). Align-
ment of the cysteine residues found in AmpA with those of
the fertilins is shown in the top half of Fig. 2. The amino
acids located in the receptor binding site position in the
AmpA AB domains are also non-RGD tripeptides and are,
like the fertilins, followed by a conserved cysteine residue.
As suggested by the alignment in Fig. 2, putative receptor
binding motifs in the AmpA AB domains would be VKY and
IKY.
The disintegrin-like domains in AmpA are followed by
four tandemly repeated CB sequence blocks. The first 14
amino acids of the AmpA C repeat share 50% identity and
64% similarity with the leech saliva proteins known as
ornatins (Fig. 3). The ornatin peptides do not share signifi-
cant sequence homology with the disintegrins. As observed
with the disintegrin peptides, however, ornatins inhibit the
action of clot formation proteins through the binding of an
exposed RGD motif to platelet integrins (Mazur et al., 1991,
1993).
Interestingly, most of the other proteins listed in Table 1
as sharing homology with AmpA also contain disintegrin
domains similar to the VWFC domain. The Drosophila
hemolectin is likely an insect homolog of vWF (Kitagawa
and Goto, 1999). Chicken collagen also contains a single
VWFC domain while the human mucin-2 contains two
VWFC domains. This epithelial-type mucin is a major
component of the protective mucus barrier that lines the
intestine and lungs and serves an anti-adhesive function in
lumen formation during embryogenesis (Braga et al., 1992;
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Gum et al., 1989, 1994; Ligtenberg et al., 1992; Wesseling et
al., 1995). Finally, Xenopus Kielin, a dorsal/ventral signal-
ing protein with homology to thrombospondin and chordin,
also contains VWFC domains (Matsui et al., 2000a).
Thus, the AmpA protein appears to be a novel type of
molecule composed of six repeats of two different adhesion
inhibitor-like domains (Fig. 1B). When the A repeat pre-
cedes the B repeat, a disintegrin-like domain is formed. Two
of these domains (A1B1A2B2) comprise the N-terminal half
of the molecule. The C-terminal half of the molecule is
formed by placing an ornatin-like sequence (the C repeat)
directly in front of the B repeat to generate four repeats of
the CB domain (C1B3C2B4C3B5C4B6).
Antibodies Raised Against an E. coli AmpA Fusion
Protein Recognize an Endogenous Dictyostelium
Protein That Is Present during Growth and Is
Expressed Maximally during Development
Since the AmpA protein sequence suggests a novel type
of adhesion modulating molecule, it was of interest to
characterize AmpA localization and function during de-
velopment. To facilitate this objective and to confirm the
reading frame of the sequence detailed above, polyclonal
antiserum was raised against a bacterially produced
AmpA protein fusion. Antibodies raised against an
AmpA--galactosidase protein fusion recognize an endog-
enous Dictyostelium protein of approximately 28 kDa
that can be detected throughout the developmental cycle
(Fig. 4). The protein is detected during vegetative growth
and accumulation continues as development proceeds.
The developmental pattern of protein accumulation fol-
lows the temporal accumulation pattern of ampA mRNA
(Oyama and Blumberg, 1986a), although the protein is
more abundant in growing and early developing cells
than would be predicted on the basis of the relative
abundance of ampA mRNA in these cells. Additionally,
in contrast to the decline in mRNA accumulation seen
upon culmination, the AmpA protein remains at fairly
high levels until very late in development. These differ-
ences argue for a higher stability of the protein. No
TABLE 1
The AmpA Protein Shares Homology with Several Cell Adhesion Modulation Proteins Found in a Variety of Species
Protein Species Length % Identity % Positive Sequence reference
von Willebrand Factor H. sapiens 119 (294) 26 (24) 36 (35) Titani et al., 1986
Collagen -1(III) G. gallus 34 (34) 44 (44) 52 (52) Yamada et al., 1983
Kielin X. laevis 33 (281) 42 (23) 48 (34) Matsui et al., 2000
Tenascin-like D. melanogaster 48 (216) 37 (24) 49 (32) Baumgartner et al., 1993
Laminin -2 H. sapiens 53 (265) 33 (23) 40 (30) Ehrig et al., 1990
Hemolectin D. melanogaster 108 (196) 27 (27) 38 (35) Goto et al., 1999
Sco-spondin B. taurus 49 (128) 34 (25) 44 (35) Gobron et al., 1996
Mucin-2 H. sapiens 50 (274) 32 (24) 44 (30) Gum et al., 1989
Note. Alignments were generated by the BLAST search algorithm BLAST 2.0 (Altschul et al., 1997) at the National Center for
Biotechnology Information. The predicted AmpA polypeptide sequence was entered to query sequences included in the nonredundant
database in October 2000. The first values for length of similar sequence, percent identical residues, and percent conserved replacement
residues are given for search results with the query sequence filtered for low-complexity regions (program default). These results are
followed in parentheses by the values obtained in an identical search with an unfiltered query sequence. All other program defaults for
determining sequence similarity were used in both searches.
FIG. 1. (A) Sequence of the D. discoideum gene ampA and predicted amino acid sequence of the protein product. The DNA sequence (bold text)
was determined from a Henikoff deletion series from both genomic and cDNA clones, using [35S]dATP. Synthetic oligonucleotides were used to
resolve areas of compression. The 5 end of the ampA cDNA is at nucleotide position274. The major transcription initiation site as determined
by primer extension analysis is at the A residue at 1. The nontranslated leader sequence is underlined. There are three other minor start sites
at the preceding C (1) and following T and A residues, (3 and4, respectively). The sequence of the predicted ampA protein product (normal
text) is shown below the nucleotide sequence. The protein contains a hydrophobic leader sequence (italics shaded in red) followed by three
distinct sequence repeats designated A, B, and C (indicated in the figure by green, yellow, and blue shading, respectively). Consensus sequences
for N-linked glycosylation (NG), casein kinase II phosphorylation (CK2), protein kinase C phosphorylation (PKC), and N-myristoylation sites (M)
are indicated by dashed underlining. The arrangement of repeats into AB and CB segments results in the formation of two major domain types,
disintegrin and ornatin domains, respectively, within the AmpA protein. (B) A schematic of the domain structure of the AmpA protein. The
hydrophobic leader is in red, the A repeats in green, the B repeats in yellow, and the C repeats in blue. The black regions indicate short
nonrepetitive regions of sequence. The disintegrin domains and the ornatin (Orn) domains are indicated.
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protein is detected when Western blots are probed with
preimmune serum (not shown).
The AmpA Protein Localizes to Structures Derived
from Anterior-like Cells, to an Outer Layer Encasing
Developing Aggregates and to the Slime
Trail, but Not to the Stalk
The ampA gene is initially expressed at a low level in
high-density growing cells, but during development, ampA
mRNA becomes enriched in prestalk cells. The prestalk
cell population is complex. ALCs, as well as stkO, stkA,
stkB, and stkAB cells, are defined as prestalk cells by
expression of the promoter for the DIF-inducible prestalk-
specific genes ecmA and ecmB (Ceccarelli et al., 1991; Early
et al., 1993; Gaskell et al., 1992; Jermyn et al., 1989). In
addition to stalk formation in the final culminant, prestalk
cells also contribute to an outer epithelium-like layer of
cells that surround the slug (Fuchs et al., 1993). This layer
may contribute to secretion of the slime sheath, an extra-
cellular matrix composed of cellulose and glycoproteins,
which encases the developing Dictyostelium aggregates
from mound stage through culmination. The slime sheath
is secreted continuously. As slugs migrate, the slime sheath
is left behind, forming a slime trail that marks the migra-
tion path (Loomis, 1972).
In order to determine which prestalk cell populations are
associated with the AmpA protein and whether AmpA is
present in prespore cells, immunofluorescence staining of
whole mounts with anti-AmpA antibody was used to local-
ize the protein during development. The earliest stage at
which whole mounts that maintain structural integrity can
FIG. 3. Sequence Comparison of the Four AmpA CB Domains with Leech Saliva Ornatins
AmpA Orn 1 repeat Q P T K K P D C S K V P C P K I L K Y C Q E G E L P T G C C P C T P
AmpA Orn 2 repeat Q P T K K P D C S R V P C P K I L K Y C K E G E L P T G C C P C T P
AmpA Orn 3 repeat Q P T K K P D C S D V M C T M D I R Y C K N G E L P T G C C P C T P
AmpA Orn 4 repeat Q E T K V P D C S K A M C T M D I K Y C K P G E K P F G C C P C R E
Ornatin protein A2 Q P N D K C R C N G K P C T V G K C T I A R G D D N D K C T
Ornatin protein A3 Q P N D K C R C N G I T C T V G K C K I G R G D D N D K C T
Ornatin protein B Q P D K K C R C D G K P C T V G R C K F A R G D N D D K C I
Ornatin protein C Q P D K K C R C D G K P C T V G R C K F A R G D A D D K C T
Ornatin protein E Q P D K K C R C D G K P C T V G R C N F A R G D N D D K C I
Note. Identical amino acids are blocked in dark gray and conserved replacements in light gray. The ornatin RGD binding motif and the
amino acids occupying the same position within AmpA are boxed with a solid line. Tripeptide sequences similar to those found in the same
location as the disintegrin and fertilin binding motif (see Fig. 2) are also found in the AmpA CB domains and are boxed with a dotted line.
The GenBank Accession Nos. for the ornatin sequences are as follows: A2, 242328; A3, 242329; B, 242330; C, 242331; and E, 242332.
FIG. 2. Alignment of AmpA AB Domain Cysteine Residues with the Conserved Cysteines of Snake Venom Disintegrins and Fertilin
Disintegrin Domains
Fertilins
b PH30—mouse C C N S C K L K R K G E V C R L A Q D E C D V T E Y C N G T S E V C
b Macaque C C E N C L F M S Q E R V C R P S F D E C D L P E Y C N G T S A L C
b Rabbit C C E N C T F K E R G Q S C R P P V G E C D L F E Y C N G T S A L C
a Mouse C C Y N C T F K K K G S L C R P A E D V C D L P E Y C D G S T Q E C
a1 Macaque C C L D C T F R R K G F L C R P T Q D E C D L P E Y C D G S S A E C
a Rabbit C C F R C K Y R R K G F L C R S I R G N C D L P E Y C S G K S A S C
AmpA AB1 C C G R C E P C T D V A C T L Q V K Y C Q D G E V P T G C C P C
AmpA AB2 C C G R C E P C T G V A C T L Q I K Y C K D G E V P T G C C P C
Disintegrins
Echistatin C C R N C K F L K E G T I C K R A R G D D M D D Y C N G K T C D C
Barbourin C C D Q C R F M K K G T V C R V A K G D W N D D T C T G Q S A D C
Kistrin C C E Q C K F S R A G K I C R I P R G D M P D D R C T G Q S A D C
Bitan C C D Q C R F K K A G T V C R I A R G D W N D D Y C T G K S S D C
Note. The cysteine residues in the sequences of the two AmpA AB domains are aligned with the conserved cysteine residues found in
snake disintegrin peptides and with the disinitegrin domains of fertilin proteins isolated from mouse, rabbit, and macaque monkeys. Amino
acid identities are indicated with dark shading. The GenBank Accession Nos. for each of the disintegrin peptides are as follows: echistatin,
461930; barbourin, 118658; kistrin, 118653; and bitan, 118654. The Accession Nos. for fertilin sequences are as follows: mouse -PH30,
975275; macaque , 1085267; rabbit , 1245063; mouse , 965010; macaque -1, 1085265; rabbit , 1245061.
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be prepared is the mound stage. At this stage, low diffuse
staining is observed throughout aggregates (Fig. 5A). This
level of staining is higher than the background observed
with the preimmune serum (Figs. 5F and 5G). Somewhat
stronger staining occurs at the apical region of the tip.
Finger and slug aggregates are stained in a nonuniform but
reproducible pattern (Fig. 5B). Confocal microscopy indi-
cates that the protein is present at a higher concentration in
an outer layer around the finger and, in particular, the
protein forms a thick outer coat at the tip of the finger (Fig.
5H). Whether this staining is in the slime sheath or associ-
ated with the outer layer of epithelial-like cells is not clear
from whole-mount analysis.
The onset of culmination enhances two very well defined
areas of higher accumulation: a thin band of cells immedi-
ately anterior to the prespore region (previously defined as
the pstO region; Early et al., 1993; Jermyn et al., 1989) and
the basal disc (Figs. 5C and 5D). Figure 5C shows a early
culminant where the basal disc is strongly stained, while
Fig. 5D shows a culminant with a lower level of staining
but that has both basal disc and stkO cells staining. There
is some variation in how much basal disc material is
recovered when the culminants are washed from the filters.
StkO staining was seen in many but not all early culmi-
nants and may represent variation in fixing or staining.
Mature culminants show localization of the protein to the
upper and lower cups that wrap the spore mass, as well as to
the basal disc through which the entire structure adheres to
the substrate (Fig. 5E). In younger culminants, the outer
layer of epithelial-like cells/slime sheath still wraps around
the spore head and stains with the anti-AmpA antibody
(Fig. 5I), while older culminants have lost this outer layer
and only show staining in the upper and lower cups (com-
pare Figs. 5E and 5I). It is important to note that the protein
is absent from the stalk, which is derived from prestalk AB
cells (Figs. 5E and 5I). Thus, it appears that the protein
colocalizes to the regions occupied by ALCs and prestalk O
cells as well as to the outer layer of either the slime sheath
or the epithelial-like cells which surround the aggregates.
Whole mounts prepared from finger and culminant stages of
development and incubated with preimmune serum
showed only very low levels of diffuse staining with no
specific localization (Figs. 5F and 5G).
The AmpA Protein Is Found Extracellularly during
Development
The AmpA predicted protein sequence indicates a hydro-
phobic leader at the amino terminus (Fig. 1A), while the
remainder of the protein is predominantly hydrophilic, thus
raising the question of whether AmpA might be secreted.
Analysis of AmpA distribution indicates that, during veg-
etative growth, little or no AmpA protein is found extracel-
lularly (Fig. 6A). During development, however, there is
enrichment of AmpA protein in the extracellular fraction
(Fig. 6B). Comparison of the Coomassie staining (left) for
the cell pellets (marked P) and the supernatants (marked S)
reveal very little total protein recovered in the extracellular
supernatant fractions, but analysis of the distribution of the
AmpA protein by Western analysis (right) shows significant
enrichment of AmpA in the extracellular fractions. There is
an 18-kDa band that cross-reacts with the AmpA antibody
but is not AmpA since it is present in ampA null strains.
This band remains associated largely with the cell pellet
and is barely detectable in the extracellular supernatant
fraction (Fig. 6B). This provides an additional indication
that the extracellular location of the AmpA protein is due
to secretion and not an artifact of cell lysis. In some
experiments, the extracellular wash was further centrifuged
at 100,000g to remove any cell debris, but this did not alter
the enrichment of AmpA protein in the extracellular super-
natant. It is clear that not all of the AmpA protein is
extracellular. Some does remain associated with the cell
pellet. It is possible that some of this is tightly associated
with the extracellular matrix.
Interestingly, AmpA protein appears to be secreted only
when cells are starving and plated for development. Cells
allowed to grow to high density (9  106 cells/ml), where
they experience some nutritional deprivation, do not show
a significant level of extracellular AmpA protein (Fig. 6C,
HD-V), while cells at lower densities (2  106 cells/ml)
washed free of nutrient media and starved on a solid
substratum for less than 2 h show significant extracellular
AmpA protein (Fig. 6C, I). AmpA protein continues to be
found extracellularly throughout development (Fig. 6C).
FIG. 4. Antibody raised against a bacterially produced AmpA
fusion protein recognizes a developmentally regulated 28-kDa
Dictyostelium protein. Total protein was isolated from Dictyoste-
lium cells during vegetative growth and at different developmental
stages: rippling aggregates, 5 h (R); mounds, 8 h (M); tipped mounds,
10 h (T); fingers, 16 h (F); early culminants, 19 h (EC); and
culminants, 24 h (C). Total protein (15 g) from each stage was
resolved on 12% SDS–PAGE and transferred to nitrocellulose
membranes for Western analysis. The membranes were immuno-
probed with affinity-purified serum raised against the AmpA--
galactosidase fusion protein.
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FIG. 5. The AmpA protein is localized to ALCs during development. Multicellular aggregates at the indicated stages were methanol-fixed
and immunoprobed with a 1:300 dilution of anti-AmpA antibody and a 1:500 dilution of FITC-conjugated goat anti-rabbit IgG. Images were
collected by using a 20 objective. For each image, the left panel shows the phase contrast image and the right panel shows the
immunofluorescence image. (A) Tipped mound. (B) First finger. (C) Early culminants showing staining of the basal disc. (D) Early
culminants showing staining of the prestalk O and basal disc region. (E) Mature “rough” culminant showing staining of the upper and lower
cups. (F) Mature culminant probed with preimmune sera showing no specific areas of staining. (G) Preimmune serum shows little or no
fluorescence under the same conditions of imaging, especially in the basal disc region of and early culminant/late finger. (H) Localization
of the AmpA protein product by confocal microscopy (Meridian Instruments) to the anterior region of a first finger. (I) Three-dimensional
reconstruction of an optical series of sections through a young culminant taken with a laser scanning confocal microscope using a 25
objective reveals staining in the outer layer of cells that surround the spore head but not in the stalk.
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Generation of an ampA Gene Replacement Strain
In order to determine the function of the ampA gene,
Dictyostelium strains lacking ampA gene (ampA) as well as
strains overexpressing the ampA gene (ampA-OE) were gen-
erated. The ampA strain was made in the Dictyostelium Ax3
strain by targeted replacement of 546 bp of the ampA gene
with the blasticidin-resistance cassette, (Fig. 7A).
Clonal populations of blasticidin-resistant cells were
screened for alterations in the native ampA gene by
genomic PCR. The oligonucleotides used in the screening
process included a primer that hybridizes just 5 of the BglII
site located 323 bp upstream of the ampA-coding region,
and one which hybridizes just 3 of an AgeI site that occurs
223 bp downstream of the major transcription start site (Fig.
7A). Primers at these locations amplify a 608-bp length of
sequence from wild-type genomic DNA (Fig. 7B, WT). The
same primer pair amplifies a 1480-bp fragment from ampA
genomic DNA, due to replacement of 546 bp of wild-type
sequence with 1418 bp of the gene replacement vector (Fig.
7B, KO).
The putative ampA cells were transformed with the
pGneo vector containing a full-length copy of the ampA
gene and 5 and 3 flanking regions to generate a cell line
which contains a single copy of the blasticidin-disrupted
ampA gene and multiple tandem repeats of the wild-type
copy of the ampA gene (R-KO). PCR amplification of the
DNA from the rescue knockout strain (R-KO) generates the
1480-bp band corresponding to the single copy blasticidin-
disrupted ampA gene and a 608-bp band corresponding to
the wild-type ampA gene from the transformed pGneo
vector (Fig. 7B, R-KO).
Western analysis confirms that AmpA protein expression
is lost in ampA cells (Fig. 8A). ampA-overexpressing
strains were also generated by introducing the pGNeo
vector containing the full-length copy of the ampA gene
and flanking regions into the wild-type Ax3 cells. This cell
line makes about three times as much AmpA protein as the
wild-type Ax3 cells (Fig. 8B, OE#1). Because AmpA protein
is expressed in but not secreted from growing cells, these
cells are the best choice for comparing the amount of AmpA
protein and were thus used for determining the extent of
overexpression. In order to generate a higher level, overex-
pressing strain cells carrying the pGNeo-ampA vector were
grown in progressively higher levels of G418 until a clonal
cell line resistant to 96 g/ml G418 was isolated (OE#2).
This strain makes about six times as much ampA protein as
the wild-type Ax3 cell line (Fig. 8B, OE#2).
Null Mutants of ampA Show Increased Cell
Agglutination while ampA Overexpressers Show
Decreased Agglutination in Starved
Cell Suspensions
When cells are washed free from growth medium and
resuspended in nonnutrient buffer and allowed to develop
in suspension, large cell agglomerates are formed. The cell
agglomerates formed by wild-type and ampA cells starved
FIG. 6. The AmpA protein product is found extracellularly during
development. Dictyostelium cells were harvested during log phase
(4  106) or high-density (1  107) growth, and at the interphase (2
h), rippling aggregate (5 h), Mexican hat (16 h), and early culminant
(19 h) stages of development. (A) Cell pellets (P) and extracellular
media (S) from 1 and 2  106 growing cells. Left panels show the
Coomassie-stained gels and the right panels show Western blots of
parallel lanes probed with anti-ampA antibody. (B) 16-h developing
cells. Cell pellets from 6  104, 2.5  105, and 4  105 cells (three
lanes, left to right, respectively) (P) and extracellular wash (S) from
2  105, 5  105, and 1  106 cells (three lanes, left to right,
respectively). Left panels show Coomassie-stained gels and right
panels show Western blots probed with anti-ampA antibody. (C)
Developmental time course of secretion of AmpA. Protein from (1)
5  104, (2) 1  105, (3) 2  105 cells or the wash from (1) 2  105,
(2) 4  105, (3) 8  105 cell equivalents of interphase (I), rippling
aggregate (R), Mexican hat (MH), or early culminant (EC) stage
developing cells were gel separated and probed with anti-AmpA
antibody. For vegetatively growing cells (V), protein and media
were from 5  105, 1  106 and 2  106. For high-density growing
cells (HD-V), the number of cells pelleted was the same as for
developing cells, but media concentrated from (1) 1  106, (2) 2 
106, (3) 4  106 cells was applied to the gels.
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in 20 mM Na2KPO4 buffer for 6 h are shown in Fig. 9A,
panels A and B, respectively. The agglomerates formed by
the ampA cells are significantly larger than those formed
by wild-type cells. Very few cells are present as single cells
in the ampA sample. The cross-sectional areas of aggluti-
nants were quantified by using the Metamorph image
analysis system (Fig. 9B). Under these conditions, ampA
agglutinants are on average 2.5–4 times as large as wild-
type agglutinants with respect to cross-sectional area. The
large agglomerates formed by the ampA cells are sensitive
to EDTA (Fig. 9A, panel C). The ampA cells rescued by
transformation with a vector carrying a full-length copy of
the ampA gene (R-KO) show agglomerates that are slightly
smaller in cross-sectional area than those formed by wild-
type cells, 84% the size of the wild-type agglomerates (Fig.
9A, panel D, and Fig. 9B). Cells that overexpress the ampA
protein threefold form agglomerates which are even
smaller, only 48% of the cross-sectional area of the wild-
type agglomerates (Fig. 9A, panel E, and Fig. 9B). The cell
line selected for higher levels of ampA expression shows the
same small agglomerates that are only about 48% the size
of the wild type, but there is additionally a significant
increase in the number of single cells that never form into
agglomerates (Fig. 9A, panel F, and Fig. 9B). Thus, the ampA
gene appears to influence cell–cell interaction, with loss-
of-function promoting cell clumping and increased levels of
AmpA protein correlating with decreased cell agglutina-
tion.
The ampA Gene Affects Developmental
Progression
A major part of the developmental program of Dictyoste-
lium is the integration of single-celled amoebae into a
FIG. 7. Generation of ampA mutant strains. (A) The linearized ampA gene replacement vector used for transformation. (top) Schematic
representation of the wild-type ampA gene (bottom). Homologous recombination between wild-type genomic DNA and the transformation
vector is possible through 1186 bp of ampA sequence upstream of the BglII site and 1844 bp of ampA sequence downstream of the AgeI site.
In the gene replacement mutant, 546 bp of sequence, including 223 bp of the ampA coding region, is exchanged with 1418 bp from the gene
replacement construct. The annealing sites of primers used to screen for potential ampA transformants are indicated. (B) Genomic PCR
screen for ampA mutants. To screen blasticidin-resistant clones for the intended mutation within the ampA gene, genomic DNA from each
clone was PCR-amplified by using the screening primers shown in Fig. 7B.
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multicellular tissue. A gene product capable of modulating
cell–cell adhesion is a candidate for influencing develop-
mental progression and tissue morphogenesis. When axeni-
cally grown ampA cells are plated for development, they
reach mound stage at the same time as wild-type cells
(compare Figs. 10A and 10B), but then there is a delay in tip
formation and extension of approximately 4.5 h. Figure 10C
shows wild-type cells at 18 h of development, while Fig.
10D shows ampA cells at the same developmental time.
The development of ampA cells catches up with wild type,
and culmination is usually complete at about 30 h. A close
comparison of culminants (42 h after plating) reveals that a
larger number of ampA cells remain on filters, either
contributing to the basal disc or as aggregates that never
enter the fruiting body. Figure 10G shows wild-type culmi-
nants, and Fig. 10H shows culminants from the ampA
cells at the same magnification. The arrows indicate the
clumps of cells that have not entered the ampA fruiting
bodies. The culminants that are formed by ampA cells are
often shorter with smaller spore heads, although there is
some condition-dependent variation in culminant morphol-
ogy. Quantitation of cross-sectional spore head area indi-
cates that ampA spore heads are on average only about
70% the size of wild-type spore heads. Rescue of the ampA
strain by reintroduction of an intact copy of the gene
produces a cell line that shows normal developmental
progression, with no delay at tip extension. Figure 10E
shows the rescue (R-KO) strain plated for 18 h of develop-
ment. By contrast, cell lines that overexpress the ampA
gene show a complete arrest of development at mound stage
(Fig. 10F). The overexpressing cells progress to mound stage
at the same time as wild-type cells but then arrest develop-
ment, and few, if any, culminants are formed. Additionally,
mounds of the ampA overexpressing strain are larger and
spaced much more closely together than either the wild-
type or ampA mounds (compare Fig. 10F, overexpresser
mounds, with Figs. 10A and 10B, wild-type and ampA
mounds at similar magnification).
Thus, the loss of the ampA gene results in a delay in
development at the time of tip extension, and even when
culmination is complete, a large number of cells are left
behind to form a larger basal disc or undeveloped mounds
and fewer cells comprise the fruiting body. Overexpression
of ampA results in a failure of development to proceed
beyond mound stage and there appears to be an additional
alteration in aggregate size and spacing.
The Developmental Delay Observed in ampA-Null
Cells Is More Dramatic when Cells Are Grown in
Association with Bacteria
In the wild, Dictyostelium amoebae feed on bacteria and
are usually found on the forest floor. Thus, their natural
habitat is one where they grow in contact with a substra-
tum rather than in the axenic suspension culture that is so
convenient for routine laboratory work. When ampA cells
are grown for 2 days on bacteria on agar plates and then
harvested and plated for development, a delay of 7–8 h is
observed and development completely arrests at mound
stage. Few, if any, culminants are formed. Figures 11A and
FIG. 8. Verification of ampA mutant cell lines. (A) Western analysis
demonstrates that the AmpA protein is present in wild-type Ax3 cell
lysates but absent from ampA lysates. Lysates were prepared from 15-h
developing cells. Protein from 5  105 cells was applied to 12% SDS–
PAGE. Left panel, Western analysis using anti-AmpA antiserum. Right
panel, Coomassie-stained gels prepared with the same lysates demon-
strates that equal amounts of protein were loaded in the lanes. (B)
Western analysis to determine the level of AmpA protein made by
overexpressing mutants. Wild-type Ax3 cells and the overexpressing
mutants OE#1 and OE#2 were grown axenically to 5 106 cells per ml
and harvested, and protein from an equal number of cells from each
strain was loaded on polyacrylamide gels. Left panel, Western blot
probed with antibody raised against the AmpA protein. Right panel,
Coomassie-stained gel loaded with identical samples to those used for
the Western blot showing equal protein loading for each cell line.
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FIG. 9. ampA cells form larger cell agglutinants than wild-type cells in starved cell suspensions. (A) Cell agglutinant formation in 6-h starved
suspensions. Wild-type and ampA cells were pelleted out of axenic growth medium, washed, and resuspended in 20 mM Na2KPO4. Cell
suspensions were transferred to a test tube and left to starve for 6 h on a rotating wheel set at 45 rpm. Representative photomicrographs of cell
agglutinants that form after 6 h of starvation are shown. Scale bars, 100 microns. (A) Wild type; (B) ampA (KO); (C) ampA developed in the
presence of 10 mM EDTA; (D) ampA strain rescued by transformation with wild-type ampA (KO-R); (E) ampA overexpresser (OE1); (F) high-level
ampA overexpresser (OE2). (B) Quantitation of agglutinant cross-sectional area. The cross-sectional area of cell agglutinants depicted above was
determined. Over 60 cell agglutinants were measured for each strain in several independent experiments. Error bars Standard error of the mean.
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FIG. 10. Axenically grown ampA cells are delayed at the tip-extension stage of development. Logarithmically growing cells were washed
free from growth medium and plated out for development on nitrocellulose filters. (A–D, G, H) Developmental progression is shown for
wild-type structures (A, C, G) and ampA structures (B, D, H) at the following time points: (A, B) 10 h; (C, D) 18 h; (G, H), 42 h. The
calibration bar in (G) and (H) is 1000 m. The white arrow in (H) indicates an area of cells that remain on the filters. (E, F) The ampA rescue
strain and ampA overexpresser strain OE#1, respectively, at 18 h of development. Calibration bars are 500 m. Magnification is similar to
that shown in (A–D).
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11B show wild-type and ampA cells, respectively, at 8 h of
development, where the wild-type cells have formed
mounds, but the ampA cells are still absolutely flat with
no signs of aggregation. Figures 11C and 11D show wild-
type and ampA cells, respectively, at 36 h of development,
where wild-type cells have formed culminants, and ampA
cells have only formed mounds with an occasional very
small culminant. When the ampA strain is transformed
with an intact copy of the ampA gene, normal development
is restored. Figures 11E and 11F show ampA and ampA
rescue strains at 40 h of development, where the ampA
strain is still at mound stage and the rescue strain has
formed normal culminants.
When wild-type, ampA, and ampA overexpressing cells
are grown on agar plates for 3 days in the presence of
bacteria and then plated for development, ampA cells and
the overexpressing cells fail to aggregate into multicellular
structures at all but remain as a flat lawn of cells (Figs. 11B
and 11C, respectively). The wild-type cells form normal
culminants on a normal developmental time course (Fig.
11A).
The failure of the ampA cells to undergo any develop-
FIG. 11. Growth on bacteria increases the dependence of cells on ampA for developmental progression. (A–F) Developmental time course
of 2-day bacteria-fed wild-type and ampA cells. Cells were plated for 2 days of growth on agar plates in association with bacteria, harvested,
washed free from bacteria, and plated for development. Developmental progression is shown for wild-type structures (A, C) and ampA
structures (B, D) at the following time points: (A, B) 8 h; (C, D) 36 h. (A–C) were photographed at 0.67, while (D) was photographed with
a 4 objective. (E, F) A parallel comparison of the ampA (E) and the ampA rescue strain (F) at 40 h of development. The calibration bars
are 1000 m. (G–I) ampA cells grown 3 days in the presence of bacteria do not even progress to mounds. Wild-type, ampA, and ampA
overexpressing cells were plated for 3 days of growth on agar plates in association with bacteria. Cells were harvested from plates, washed
free from bacteria, and plated for 36 h of development on nitrocellulose filters. (G) Wild type; (H) ampA ; (I) ampA overexpresser (OE#1).
Calibration bars are 1000 m.
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ment at all after 3 days’ growth over bacteria is due to the
fact that a reduced number of ampA cells participate in the
streaming process during the early stages of aggregation
(Fig. 12). Cells were grown over bacteria for 3 days prior to
being deposited on agar plates to observe streaming. While
the wild-type cells form large streams with few cells being
left behind on the plates (Fig. 12A), the ampA cells form
small clumps of just a few cells or remain as single cells
(Fig. 12B). Only occasionally, very small aggregates which
show limited streaming are found. When the bacterially
grown ampA cells are returned to axenic culture for 48 h,
streaming is fully restored and indistinguishable from wild
type (Figs. 12C and 12D). Their ability to develop is also
restored to their axenic phenotype. Growth in axenic media
for only 24 h is not sufficient to restore the ability of the
ampA-null cells stream or to carry out the early stages of
development.
Thus, bacterial growth leaves the cells dependent on the
presence of the ampA gene for the early aggregation stages
of development. In the absence of the ampA gene, a reduced
number of cells are able to participate in the streaming
process. Axenic growth for at least four generations is
necessary to rescue this early aggregation stage dependence
upon ampA gene function imposed by growth on bacteria.
Cell–Substrate Adhesion Is Increased in Developing
ampA Cells to an Extent That Depends on Prior
Growth Conditions and Correlates with the
Delay in Developmental Progression
In the laboratory setting, Dictyostelium morphogenesis
is routinely induced by plating out starved cells onto
nitrocellulose filters. Cells are recovered from filters for use
in various assays by vortexing in a conical tube containing
FIG. 12. ampA cells grown on bacteria for 3 days are defective in streaming into aggregation centers, but 48 h of axenic growth restores
the ability to stream into aggregation centers. Wild-type and ampA cells were plated for 3 days of growth on agar plates in association with
bacteria and plated for development on buffered agar plates. Streaming was imaged from underneath on a Leica inverted microscope with
a 5 objective. The calibration bar is 400 m. (A) Bacterially grown wild-type cells imaged at 9 h of development. (B) Bacterially grown
ampA cells imaged at 9 h of development. (C) Wild-type cells after 48 h in axenic media imaged at 7 h of development. (D) ampA cells
after 48 h in axenic media imaged at 7 h of development.
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an appropriate buffer. We have noticed that ampA cells are
more difficult to recover from filters by using this method,
compared with wild-type cells. When the percentage of
recovery of cells from filters was determined as a function
of time of vortexing, 1 min of vortexing was sufficient to
recover 93% of the wild-type cells, but only 40% of the
ampA cells were recovered (Table 2). About 70% of the
ampA cells could be recovered after 5 min of vortexing.
This assay suffers from the problem that a percentage of
developing cells complete cell division after being plated for
development, so that it is not uncommon to recover more
cells than were initially plated. Nonetheless, this result,
together with the fact that a number of ampA cells never
migrate into aggregation centers or remain as basal discs,
raised the question of whether some of the ampA cells
adhere more tightly to the substratum, and are thus inhib-
ited in their migration into mounds and off of the substra-
tum.
To accurately determine the percentage of cells adhering
strongly to filters, the percentage of total protein left on
nitrocellulose filters after vortexing was compared with the
amount of protein on identically prepared filters not sub-
jected to vortexing. This gives a comparative measure of the
relative adhesion of wild-type and ampA cells to a nitro-
cellulose substrate during development and is independent
of the number of cells plated. The results indicate that,
during development of axenically grown cells, cell–
substrate adhesion is higher in ampA structures than in
wild-type structures. At 10 h of development, 30% of the
mass of the plated ampA cells remains stuck on the filters
as compared to only 12% of the mass of wild-type cells. At
16 h, the difference is less but still significant (Fig. 13A). At
the early (2–4 h) stages of development, there is no differ-
ence in the level of cell–substrate adhesion between wild-
type and ampA structures formed by axenically grown
cells (Fig. 13B, Axenic). The developmental time (10–16 h)
when there is a significant increase in cell–substrate adhe-
sion in the ampA cells is exactly the time when they show
the 4.5-h delay in tip extension.
This correlation between developmental delay and in-
creased cell–substratum adhesion is also evident when the
3-day bacteria-fed ampA cells are used in the assay. These
cells completely fail to aggregate. At 2 h of development,
close to 35% of the mass of the plated ampA cells remain
stuck to the filters, while less than 10% of the wild-type
TABLE 2
Recovery of Wild-Type and ampA Cells from Filters
after Vortexing
Time
vortexing (s)
% Recovery from filters (%)
Wild-type AmpA-null
1 7 0
6 24 9
15 43 21
25 56 33
60 93 39
180 101 54
300 103 69
Note. Bacterially grown wild-type and ampA cells were plated
for development for 15 h. Filters containing developing wild-type
and ampA cells were placed in conical tubes and vortexed for the
indicated times, and the number of cells washed off was expressed
as a percent of the total number of cells initially plated on the filter.
FIG. 13. ampA cells demonstrate an increase in cell–substrate adhesion during development. Cells were plated onto nitrocellulose filters for
development. For each time point, filter samples were vortexed for 3 min in conical tubes containing 20 mM Na2KPO4 buffer, and the filters were
removed from tubes. The amount of protein remaining on the filters was quantified by using the Bio-Rad DC protein assay. To determine the
total amount of protein present, identical filters were assayed as before, omitting the vortexing step. The data presented are the combined results
of three to five independent experiments in which three samples were measured for each time point. Error bars reflect standard error of the mean.
(A) Cell–substrate adhesion during tip extension in structures formed by axenically grown cells. (B) Cell–substrate adhesion during early
development in structures formed by axenically grown cells (C) Cell–substrate adhesion during early development in structures formed by
bacteria-fed cells. Wild type, white bars; ampA, light gray bars; ampA overexpresser (OE#1), dark gray bars.
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cell mass remains stuck. At 4 h of development, about 40%
of the ampA cell mass remains on the filters following
vortexing as compared to less than 15% of the wild type
(Fig. 13C, Bacteria-Fed). The bacterially grown ampA over-
expressing cells show no significant difference from wild
type in cell–substrate adhesion measured in this assay in
spite of the fact that they also show the same complete
failure to develop after 3 days on bacteria that ampA-null
cells do.
DISCUSSION
The Dictyostelium Protein AmpA Shares Homology
with Proteins Containing Defined Adhesion-
Modulation Motifs
It is predominantly the disintegrin domain homology
that is shared between the AmpA protein and the cell
adhesion-modulating molecules. Disintegrin domains have
now been identified as a motif in a number of molecules
involved in modulating adhesive interactions between cells
and extracellular matrix components as well as in morpho-
genetic signaling events. The role played by molecules
containing disintegrin-like motifs often depends on the
context in which the domain is expressed.
Present in a membrane-anchored protein, the disintegrin
domain of the fertilins facilitates sperm–egg fusion. The
fertilins are a subclass of the integral membrane protein
family known as the ADAMs because they contain both A
Disintegrin And a Metalloprotease domain (reviewed in
Primakoff and Myles, 2000; Wolfsberg et al., 1995). ADAM
proteins can serve as fusiogens in somatic cells as well.
ADAM-12, for example, mediates myoblast fusion during
the formation of myotubes (Yagami-Hiromasa et al., 1995).
A role for ADAM proteins in facilitating cell motility is
observed for ADAM-9, an integral membrane protein that
facilitates fibroblast migration (Nath et al., 2000). A pos-
sible mechanism proposed is that integrin 61 binds to
ADAM-9 on neighboring cells in preference to extracellular
matrix ligands, creating an environment more conducive to
cell movement. Another ADAM family member, the C.
elegans mig-17 gene product, uses a distinctly different
mechanism to facilitate cell migration. This protein is
secreted and influences the particular route of migration of
the Distal Tip Cells in forming the nematode gonad (Nishi-
waki et al., 2000). It is the metalloprotease domain that is
essential for mig-17’s role in cell migration, while the
disintegrin domain plays a localization function.
The possibility that ADAMs may also act as signaling
molecules is suggested by studies of KUZ, a Drosophila
ADAM that promotes neural cell differentiation (Rooke et
al., 1996). The signaling effect of Kuz is also mediated
through the metalloprotease activity, while the disintegrin
domains function to localize the protease activity. The
Xenopus Kielin molecule that contains disintegrin repeats
is perhaps a more similar prototype for the AmpA protein
since both are secreted and neither contains a metallopro-
tease domain. They both also contain thrombospondin
homologies. Kielin has so far only been analyzed in terms of
its role as a secreted morphogen, while no cell adhesion-
modulating function has been reported (Matsui et al.,
2000a).
It is clear that the disintegrin domains have great plastic-
ity in the way that they can function. When present in
integral membrane proteins, the disintegrin domain can
have either a positive or negative effect on cellular adhe-
sion. As an antiadhesive moiety, disintegrin domains can
antagonize ligand–receptor interactions to facilitate cell
migration or to effect a change in a signaling pathway, or
the disintegrin domain can function as a determinant to
localize a catalytic activity such as the metalloproteases. In
the case of the ADAMs, the metalloprotease domain is
actually a part of the disintegrin repeat-containing protein.
No such domain is present in the AmpA protein; however,
it is possible that a separate catalytic enzyme could com-
plex with the AmpA protein. An interesting question is
whether soluble secreted molecules like AmpA represent
the evolutionary precursors of the multidomain ADAMs.
Clearly, the AmpA protein could function to activate or to
antagonize receptor–ligand interactions or it could serve as
an extracellular matrix anchor to position for action or
sequester other important signaling, adhesion, or catalytic
molecules.
A putative binding sequence within the AmpA protein
can be predicted due to the conservation of cysteine spacing
among the disintegrin and ornatin domain proteins. In
AmpA, the conserved cysteine residue that immediately
follows the tripeptide ligand sequence in the fertilins is
preceded by the sequence VKY in the first AB domain, and
IKY in the second AB domain. A similar tripeptide, also
followed by a cysteine residue, is present in each of the four
AmpA ornatin-like domains as well. The tripeptide LKY is
present in the first two CB domains, and the sequences IRY
and IKY are present in the third and fourth CB domains.
Interestingly, the tripeptide sequence LKY is also found in
the octapeptide binding sequence (SDNVNLKY) identified
in the Dictyostelium cell adhesion protein gp80 (Kamboj et
al., 1989), while the VKY tripeptide is found in two spore
coat proteins Sp96 and Sp70 (Fosnaugh and Loomis,
1989a,b). The spore coat proteins are extracellular matrix
components known to be exocytosed from prespore cells
during culmination (Hohl and Hamamoto, 1969).
Additional nondisintegrin proteins that share homology
with AmpA are collagen, tenascin, laminin, and SCO-
spondin (a thrombospondin homologue), all extracellular
matrix proteins. Collagen and laminin contribute to the
basic extracellular environment of most animal tissues
during embryogenesis and throughout adult life. Tenascin
and thrombospondin expression are also widely distributed
during embryogenesis. In adults, however, expression of
these extracellular matrix components is primarily re-
stricted to processes requiring dramatic cell migration (e.g.,
wound repair, regeneration, and cancer metastasis). The
tenascins and thrombospondins elicit both adhesive and
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antiadhesive influences on cell–cell and cell–matrix inter-
actions (reviewed in Adams and Tucker, 2000; Jones and
Jones, 2000; Sage and Bornstein, 1991). It has been proposed
that these proteins may promote cell migration by signaling
the disassembly of focal adhesion sites, reducing cell–
matrix interactions to a level that allows transient and
dynamic interactions between the cell and underlying sub-
strate (Greenwood and Murphy-Ullrich, 1998b).
AmpA Protein Modulates Cell–Cell Adhesion
As would be predicted from its homology to proteins that
are involved in modulating cell adhesions, the AmpA
protein clearly plays a role in reducing cell–cell adhesion
during the early stages of development. When starved in
suspension to initiate development, cells lacking AmpA
form “super clumps,” while overexpression of AmpA pro-
tein reduces the size of the clumps and increases the
number of single cells relative to cells in clumps. These
cell–cell interactions are EDTA-sensitive and are formed
early in development, suggesting the possibility that these
could be adhesions mediated by the gp24 cell adhesion
molecule (Brar and Siu, 1993). A key question is whether
AmpA protein functions extracellularly or intracellularly to
modulate these adhesions. The AmpA protein is clearly
extracellular at this time, but adding supernatant from
wild-type or AmpA overexpressing cells to the starved cell
suspension has met with mixed results, sometimes decreas-
ing clump size but other times increasing the size of the
clumps. This has raised the possibility that AmpA exerts its
effect by complexing with other proteins and that the
concentration of free AmpA protein in the suspensions may
be critical. Alternatively, AmpA may function to modulate
the activity of an adhesion molecule from the cytoplasmic
side of the membrane. Attempts to generate mg quantities
of pure AmpA protein using BaculloVirus, Picia, and three
different bacterial expression systems to further analyze
this question have all failed so far. This may be because of
the unusually high cysteine and proline content of the
protein or because of additional effects of AmpA on cell size
and cell growth (T.R.V., H.N.H., C.P., and D.D.B., unpub-
lished observations).
Does AmpA Facilitate Developmental Progression
by Reducing Cell–Substratum Adhesion?
There is a close relationship between the extent and
timing of developmental delays observed in ampA-null
cells and periods of increased cell–substrate adhesion. The
severity of these developmental phenotypes is highly de-
pendent on the growth conditions of the ampA-null cells
prior to initiating development. Growth of cells on a solid
substratum induces adhesion systems that are presumably
not necessary in suspension-grown cells (Greenwood and
Murphy-Ullrich, 1998a). Likewise, cells growing by phago-
cytosis of bacteria also induce additional adhesion systems
not utilized by cells growing in axenic media by pinocytosis
(Chia, 1996; Cornillon et al., 2000; Furukawa et al., 1992;
Rezabek et al., 1997; Vogel et al., 1980). In bacterially
grown cells, the ampA mRNA starts to be expressed as cells
reach stationary phase growth (107 cells/ml) (Casademunt
et al., 2001). It is possible that additional adhesion systems
induced in cells grown on bacteria on a solid substratum
leave cells more dependent on the antiadhesive function of
AmpA protein in order to migrate to aggregation centers
when food is exhausted and development is initiated. Con-
sistent with the idea that bacterial growth on a solid
substratum induces additional adhesion systems is the
observation that it requires more than three cell doublings
in axenic suspension culture for ampA-null cells to recover
the ability to aggregate into mounds normally. Presumably,
this time in suspension culture is required for cells to
largely loose the additional adhesion systems.
ampA-null cells grown in axenic suspension culture do
not show the early increase in cell substratum adhesion or
the early aggregation stage developmental delay or block
observed in cells grown on bacteria. Instead, they show a
delay at the stage of tip extension, and at this stage, there is
also an increase in the number of cells strongly adhering to
the substratum. AmpA protein is associated with ALCs
during the later stages of development, and elsewhere, we
have shown that ampA gene expression becomes progres-
sively restricted to the ALCs during development (Casade-
munt et al., 2001). These cells form the stalkO population,
that is initially scattered throughout the mound, and must
sort to a location directly under the stalkA cells that
migrate to the mound apex at tip formation (Jermyn and
Williams, 1991). The ALCs also contribute to the cells that
will form the basal disc. The delay at tip formation in the
ampA-null cells could reflect a dependence of the ALCs
upon the antiadhesive activity of the AmpA protein to
release their hold on the substratum and sort to their proper
locations.
The AmpA overexpressing strains grown axenically com-
pletely block development at the mound stage and show no
development at all when grown over bacteria. In contrast
with the null cells, however, they show no increase in
adhesion to the substratum. It is tempting to suggest that
overexpression of AmpA protein leaves the cells with too
little adhesion to the substrate to migrate efficiently to the
tip or into mounds when grown on bacteria. The measure-
ment of cell substratum adhesion used here only deter-
mines the amount of material resistant to vortexing from
the filters that the cells are plated on and may not be
sufficiently sensitive to pick up a small decrease in cell–
substrate adhesion. Current work is focused on using flow
cell measurements to determine the actual force of cell
substratum adhesion for each of the ampA mutant strains.
The fact that the AmpA overexpressing cells are also
blocked in development explains why we have had consid-
erable difficulty in isolating strains where transformation of
the ampA-null cells with a vector containing the wild-type
ampA gene actually rescues the developmental phenotypes.
Less than one-third of the ampA-null colonies transformed
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with a vector containing the wild-type ampA gene showed
a rescue of the developmental delay, and theses few strains
showed levels of expression of the AmpA protein that were
less than or equal to the levels expressed by wild-type cells
(data not shown). This suggests that the level of expression
of the AmpA protein is critical for development. In this
context, it is interesting to note that, for efficient cell
migration, there is a proper threshold for cell–substratum
adhesion. Increasing or decreasing cell–substratum adhe-
sion above or below the optimum decreases cell migration
(Palecek et al., 1997).
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